The Polish Carpathians, like many mountain areas in Europe, are currently facing dynamic land use changes that will shape their future landscapes. As there are many different possible scenarios of potential change, we compared three different land use scenarios up until the year 2060 and assessed their impact on the potential habitat connectivity of two large carnivores-wolf (Canis lupus) and lynx (Lynx lynx). We first analysed the main directions of change within and outside the pan-European wildlife corridor located in the western part of the Polish Carpathians. Then we calculated and compared least-cost paths among randomly selected points for each land use scenario separately. Our results showed that the main direction of change-forest cover increase-may positively influence habitat connectivity for both wolf and lynx. However, due to the future spread of settlements, this positive impact might be locally limited. Therefore, to realise the potential conservation opportunities resulting from on-going land use changes, adequate orientation of spatial planning towards habitat connectivity is crucial.
Introduction
Landscapes across the globe are increasingly subject to alteration by humans, with the associated land use and land cover changes having considerable consequences for biodiversity [1] [2] [3] . In human-dominated landscapes, survival of faunal species can depend on habitat connectivity [4] , which, for example, facilitates gene flow among subpopulations and enhances resilience to climate change and other disturbances [5] . Assessment of changes in habitat composition, configuration and quality, as well as habitat connectivity are particularly important for large mammals, given their large spatial requirements and disproportionate importance for ecosystem functioning [6] . Large mammals are also important umbrella species, i.e., their protection automatically implies the protection of other species [7] . As the existence of large mammals in human-dominated landscapes depends on wildlife corridors, they are commonly used as a conservation strategy to counter the effects of habitat loss and fragmentation for those species [8] .
Land use change is one of the main drivers of biodiversity decline worldwide [9] . Analyses of land use change dynamics conducted at the global scale indicate the continuation of current trends of habitat conversion and degradation into the future [2, 3] . Titeux et al. [10] argue that the role of land use changes for future biodiversity assessments is still underestimated. Settlement development and the associated expansion of transportation networks are among the most disturbing changes affecting spatial and functional continuity of habitats and wildlife corridors [11, 12] . Although the development of built-up areas is projected to occur mainly around cities [13] , habitat fragmentation is also increasing due to settlement development in rural areas [14] . Studies have also shown that the expansion of built-up areas is observed in regions facing population decline due to increasing demand for per capita living space [15, 16] . This is particularly important in the proximity of conservation hotspots often located far from urban centres [1, 17] . The monitoring of settlement development in rural areas is therefore crucial for any biodiversity and conservation-oriented landscape management measures [18] . At the same time, many rural areas, for instance in Europe, are also experiencing increases in forested areas [19, 20] . This is often the result of abandonment of the least profitable agricultural land [21, 22] , especially in mountain areas [19, 23, 24] . The interplay of settlement expansion and forest cover increase occurring concurrently in many areas shows the complexity of interactions between various socio-economic processes and of their impact on future biodiversity [14] . Those processes may, however, vary spatially due to regional differences in land use dynamics.
The Carpathian Mountains are an important biodiversity hotspot in Europe, where dynamic socio-economic changes have heightened the interplay between settlement expansion and forest cover increase [25] . Following the political transformation processes of the 1980s and 1990s, two land use processes were dominant within the region: (1) agricultural land abandonment leading to forest cover increase, and (2) spread of built-up areas together with infrastructure and transport development [20, 26, 27] . Forest cover increase can be considered a beneficial process for many species for which forests provide shelter or food resources, expanding habitat for forest-dwelling large mammals, such as brown bears or wolves [28] . Settlement and transport infrastructure development, by contrast, are considered key barriers to the movement of large mammals [29] [30] [31] . There is, therefore, a need to quantify how these ongoing land use changes may transform future Carpathian landscapes, influencing habitats and their connectedness.
The aim of this study is to assess the potential impact of land use changes up to the year 2060 in the Carpathians on habitat connectivity for two species of large mammals, wolf (Canis lupus) and lynx (Lynx lynx). The case study region is located in the western part of the Polish Carpathians, which faces increasing agricultural land abandonment as well as the expansion of settlements. We focus on analysing changes taking place within and around the pan-European wildlife corridor crossing the study area, addressing the question of how the habitat connectivity of key large carnivores will be affected by likely trajectories of land use change under three different scenarios of socio-economic development in the Polish Carpathians.
Materials and Methods

Study Area
The study area, located in the western part of the Polish Carpathians, consists of three neighbouring powiats (NUTS 4 administrative units in Poland): Bielski, Cieszyński andŻywiecki. The 1785 km 2 area (Figure 1 ) is dominated by forest cover and is intersected by the main pan-European, Carpathian ecological corridor, crossing Poland, Slovakia and Czechia [32] . The study area is subject to several drivers of land use change, including suburbanisation and development of tourist infrastructure. This stimulates an unplanned spread of built-up areas and infrastructure as well as development of transportation routes, often affecting remote areas in proximity to forests. The intensity of these processes, however, vary across the study area. While in the Bielski powiat, suburbanisation processes are the dominant land use threat to future habitat connectivity, in the Cieszyński powiat, dynamic tourist infrastructure development, including demand for second homes, is the main issue [33] . In theŻywiecki powiat, suburbanisation processes are less visible, but development of tourist infrastructure may affect the vast and best preserved forest areas in the region. The powiats of the study area differ also with respect to demographic trends. Official projections indicate that the number of inhabitants will increase in the Bielski powiat until 2050. On the contrary, the population is projected to decrease in theŻywiecki powiat in the same period, and in the Cieszyński powiat the maximum population level is projected to be reached in the 2020s [34] .
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Approach
To investigate the potential impacts of future land use change on habitat connectivity, a land use change scenario approach was used in association with least-cost path modelling. In the modelling, we used maps of the future (year 2060) land use developed for the Polish Carpathians in a previous study based on three land use change scenarios ('trend', 'liberalisation' and 'self-sufficiency') [36] . We focused on the evaluation of potential habitat connectivity for large mammals, using wolf (Canis lupus) and lynx (Lynx lynx) as model species, where potential habitat connectivity combines information on landscape structure with limited information on species' dispersal abilities, as defined by Calabrese and Fagan [37] . For each of three land use change scenarios, resistance to movement maps were created for wolf (Canis lupus) and lynx (Lynx lynx) separately, with resistance values based on the literature. We further performed a connectivity analysis using a least-cost path analysis. The scenario outputs were compared with each other and with the 'current' status to examine potential changes in connectivity for wolf and lynx in response to future land use changes.
Input Data
Maps of the future land use for the Polish Carpathians for 2060 were developed in a previous study by Price et al. [36] . In that study, future land use was modelled within the DynaCLUE modelling framework [38] with five land use classes (forest, overgrown, grassland, arable land, settlements) for 194 communes located in the Polish Carpathians, using three scenarios: trend, liberalisation and self-sufficiency. The scenarios were developed using a story and simulation 
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Input Data
Maps of the future land use for the Polish Carpathians for 2060 were developed in a previous study by Price et al. [36] . In that study, future land use was modelled within the DynaCLUE modelling framework [38] with five land use classes (forest, overgrown, grassland, arable land, settlements) for 194 communes located in the Polish Carpathians, using three scenarios: trend, liberalisation and self-sufficiency. The scenarios were developed using a story and simulation approach [39] , with outputs varying along a globalisation to regionalisation axis and a market orientation versus regulatory control axis. The trend scenario was based on the extrapolation of the land use dynamics observed in the region between 1970 and 2013, when the main land use change directions were agricultural land abandonment resulting in forest cover increase, as well as development of settlements [40] . The liberalisation scenario assumed market-oriented future socio-economic development, low support for agricultural and conservation subsidies and little regulatory control on urbanisation, resulting in higher agricultural land abandonment and an increase of settlement areas. The self-sufficiency scenario was defined by regional growth with emphasis on agricultural self-sufficiency, landscape conservation measures and agricultural subsidies triggering lower rates of land abandonment and, as a consequence, more concentrated settlement development. The scenarios were modelled from the 2013 national land use vector data stored in the database of topographic objects for Poland (Baza Danych Obiektów Topograficznych; BDOT10k), re-categorised into five classes (forest, overgrown, grassland, arable land, settlements). Future land use maps with 100 m spatial resolution were then computed using DynaCLUE land use allocation based on a set of explanatory variables: slope, distance to roads, mean summer temperature (including future projections), population density (including future projections) and number of hotels per capita (as an indicator of tourism demand). Future projections of mean summer temperatures were derived from climate change scenario data obtained from EURO-COR-DEX (www.euro-cordex.net) for the representative concentration pathways (RCPs) 4.5 (self-sufficiency scenario) and 8.5 (trend and liberalisation scenario) [41] . The future population projection was determined from Central Statistical Office of Poland (GUS) population scenarios [34] . Future demands for the settlements were based on different per capita urban demands, depending on the scenario [36] . The scenario modelling is further detailed in Price et al. [36] .
Wildlife corridors and core habitat areas for wolf and lynx for the Silesia Province were received from the Centre for Natural Heritage of Upper Silesia. They were delineated using a combined approach linking habitat suitability analyses and least-cost modelling [35] . As the study area can be characterised as the region of either permanent or sporadic occurrence of wolf and lynx [42, 43] , we combined the core habitat areas and wildlife corridors into one class and refer to them as the corridors throughout the paper.
Land Use Change and Connectivity Assessment
Modelled land use changes in the period 2013-2060 were analysed within and around the wildlife corridor and core habitats intersecting the study area for each scenario-dependent future land use map separately. Both absolute and relative changes with reference to 2013 (100%) were reported and mapped. Additionally, to analyse the impact of land use change on landscape pattern, we compared the number of forest and settlements patches as indicators of forest fragmentation and settlement aggregation, both being important factors affecting habitat connectivity maintenance and improvement. The number of forest and settlement patches were compared among land use change scenarios and in reference to the current state, within and outside of the corridor.
To assess impacts of potential changes in land use on the potential habitat connectivity of large carnivores (wolf and lynx), we first defined species-specific resistance values for each land use type, following the approach of Huck et al. [30] . For each species, those resistance values represented the costs of movement through different land use types, creating resistance to movement maps according to current and future land use (separately for each scenario). The resistance values were based on the Huck et al. analysis [30] , where cost of movement was defined for wolf and lynx under the environmental conditions of Poland, with low values indicating little resistance to movement for the study species. As land use change scenarios did not distinguish between different forest types, resistance values originally proposed by Huck et al. [30] for different forest types were averaged to one value (Table 1) . Similarly, the value assigned to grasslands was averaged from the values of meadows and pastures. Next, for each scenario and species separately, we calculated least-cost paths between pairs of ten randomly selected points located within the corridor, with minimum in-between distance of 3 km. Ten point pairs was the maximum number that could be contained within the relatively small study area without repeat coverage of the same movement paths. Least-cost analysis were performed with the Linkage Mapper Toolkit [44] , which provides the shortest connections (Euclidean distances) among core areas, as well as least-cost paths. Core areas were defined as the point pairs. The differences in connectivity among scenarios and in comparison to current state were analysed with the connectivity index of path tortuosity defined as the ratio of length of the least-cost path and the Euclidean distance between each of the connected points. The higher the path tortuosity, the lower the potential connectivity between given locations. 
Results
Land Use Changes
A substantial future forest cover increase outside the corridor was noted, from the current 13.2% up to 18.1%, 25.4% and 28.2%, according to the future land use maps based on the self-sufficiency, the trend and the liberalisation scenarios, respectively (Table 2, Figure 2 ). At the same time, all scenarios predicted a decrease in arable land and grassland and a slight increase in settlements, which was highest for the land use map based on the liberalisation scenario. Overgrown areas were projected to increase in the liberalisation scenario and to decrease in the two other scenarios (Table 2, Figure 2 ). Although an increase in forest cover was also projected within the corridor, the changes were not substantial (up to 8.8%), however, the initial forest coverage within the corridor was already high (81.1%) in 2013. Similarly, overgrown areas increased slightly (from 0.7% to 2.0-2.6%), while settlement area was stable (2.3% to 2.4-2.5%; Table 3, Figure 2 ). At the same time, both grassland and arable land were projected to decrease considerably within the corridor (Table 3, Figure 2 ). As for the relative changes, the largest forest cover increase was projected by the liberalisation scenario (214%), and the smallest by the self-sufficiency scenario (36%) (Figure 3a) . The future land use map based on the liberalisation scenario showed a substantial increase in overgrown areas (157%) and settlements (105%) (Figure 3a) . While grassland and arable land were projected to decrease outside the corridor for all three scenarios, the maps based on the trend and self-sufficiency scenarios demonstrated a decrease in overgrown areas (Figure 3a) .
In 2013, forest cover was the dominant class within the corridor, and the projections showed that it will increase its dominance in the future (Figure 3b) . However, the most visible relative change projected within the corridor was the increase in overgrown areas (up to 363% in the liberalisation scenario). At the same time, grassland and arable land were projected to decrease substantially, while settlements were projected to increase slightly (Figure 3b ).
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A comparison of path tortuosities (n = 20) showed improved future habitat connectivity in the study area for both large carnivores (wolf and lynx), regardless of the scenario (Figures 5 and 6 ).
The highest connectivity improvement was noted for the liberalisation scenario, while the smallest improvement was found for the future land use based on the self-sufficiency scenario ( Figure 6 ). 
Discussion
Using a least-cost path approach in association with scenarios of potential future land use change, this study demonstrates that potential habitat connectivity of large mammals, specifically wolf and lynx, can be expected to improve within the Polish Carpathians across a range of scenarios for the year 2060. The results emphasise that the ongoing trend of farm abandonment and forest increase which faces many areas of lynx and wolf habitat, particularly in the Carpathians [25] , may improve potential habitat connectivity. However, this may be tempered by settlement increases unless there is careful spatial planning.
According to the future land use scenarios, the western part of the Polish Carpathians will face substantial changes between now and 2060. We found, however, that areas located within and outside of the corridor will experience different future land use trajectories, and hence will have 
According to the future land use scenarios, the western part of the Polish Carpathians will face substantial changes between now and 2060. We found, however, that areas located within and outside of the corridor will experience different future land use trajectories, and hence will have different future land use patterns. In the areas located outside the corridor, the main processes projected by land use scenarios were forest cover increase and settlement development, while an increase in overgrown areas was projected only by the liberalisation scenario (Table 2) . Within the wildlife corridor, by contrast, land abandonment leading to the expansion of overgrown areas was predicted in all scenarios. Forest cover and settlement development increases were also projected within the corridor, but their relative increases were not as considerable. Forest cover was, however, already very high within the corridor in 2013, and settlements constituted only a minor land use type (Table 3) .
Along with the projected forest cover increase in the corridor, its fragmentation (measured by the number of forest patches) decreased. This may be explained by the fact that in areas already dominated by forest, one of the major patterns of forest expansion is through the closure of core openings within forest perforations (such as the disappearance of former pastures or other previously agriculturally managed clearings), leading to landscape homogenisation [20] . As the areas located within wildlife corridor are, in general, characterised by higher elevations and steep slopes, this confirms the role of biophysical factors in the abandonment of agricultural land in the Carpathians [27] . In contrast, a substantial forest increase outside of the corridor was projected along with increased forest fragmentation in two out of three of the land use scenarios (Figure 4 ). This might be the result of the fact that agricultural land abandonment in the Polish Carpathians affects mainly small privately owned land parcels on which cultivation has become unprofitable [27] . As a consequence, this leads to overgrowth and, over a longer perspective, the appearance of many new but small forest patches, thus increasing overall forest fragmentation, especially at the lower elevations [45] . The consideration of habitat configuration, and specifically fragmentation, is important for the conservation of large mammals, since studies have shown that large well-connected patches are essential to achieving species conservation goals [46] .
Both within and outside of the corridor, agricultural land was projected to decrease and forest cover was projected to increase (Tables 2 and 3) , which potentially could be beneficial not only for wolves and lynx [30] but also for other forest-dwelling mammals [31, 47, 48] . Proportion of agricultural lands has also been found to be negatively correlated with wolf occurrence in other studies [49] . The conducted least-cost analysis showed that projected land use changes will reduce the resistance to movement in the study area for both wolf and lynx. Predicted forest cover increase can therefore counteract the negative influence of settlement development, as reflected in the decrease of path tortuosity ( Figure 5 ). However, it is worth highlighting that the positive connectivity changes foreseen in the future scenarios were the lowest for the self-sufficiency scenario and the highest for the liberalisation scenario ( Figure 5 ). The self-sufficiency scenario assumed sustainable regional development and increased concern for ecological issues, with a specific focus on the preservation of agricultural subsidies and local agriculture [36] . Therefore, for this scenario the active prevention of agricultural land abandonment resulted in less afforestation as compared to the other two scenarios. This somehow counterintuitive outcome of our analysis means that despite the storyline of high ecological awareness [36] , threats to biodiversity related to land use changes are very complex. While the projected increase in forest cover would support habitats and habitat connectivity for forest-dwelling species, the agricultural land abandonment and decrease in grassland areas could be an important threat to many open farmland or grassland-associated species [50, 51] . Even in national parks, there are considerable challenges facing the management and maintenance of grasslands for conservation and protection [52] , with often greater difficulties outside the protected areas. The knowledge of potential future land use change provides guidance for the design of effective conservation policies, which then could be implemented by local or regional environmental protection institutions or agencies.
Although the projected increase in settlements over the study area was found to be marginal, it may be of high importance for habitat connectivity. Settlement development and the associated increase in transportation infrastructure is an important physical barrier [31] and a threat for animal movement [12, 31, 53] . Currently the study area is crossed by a railway line and a motorway, with limited possibilities for safe crossing by wildlife. Furthermore, the existing underpass is not used by large mammals [54] , indicating that they have to cross the transportation network in other locations. This shows that proper planning of road and railroad crossings is needed in the area to avoid the isolation of habitats and limit collision risk for moving animals. Improperly planned highways may act as home range barriers for large mammals [46] .
Aside from being a physical barrier, the development of settlement and transportation networks, even in small amounts, can have other considerable impacts on habitat quality and species movement. Due to an increased presence of people in the area, edge effects, noise [45] and light pollution [46] , larger areas could be affected beyond the development itself. According to future land use scenarios, the number of settlement patches will decrease outside the wildlife corridor, potentially indicating a more compact settlement development pattern. However, at the same time, the number of settlement patches was projected to increase slightly within the corridor, which may have a negative impact on habitat connectivity. More scattered settlements usually require longer roads, and even small roads may limit movement possibilities in relatively favourable conditions, as was found in the case of the European bison (Bison bonasus) in the Carpathians [31] . Any road creation may also trigger large decreases in roadless areas, which are crucial for conservation measures improvement, especially in Europe [12] . Additionally, more settlement combined with forest cover increase may develop more wildland-urban interfaces (WUIs)-the areas where settlement and wildland vegetation meet or intermingle [14] . It has been shown that animal behaviour is more risky in WUIs [55, 56] and human-animal conflicts are more likely in WUIs, negatively affecting wildlife conservation efforts [57] . In the past, a significant WUI increase was observed in the study area [58] , and our results showed that this increase may also continue in the future.
Although our case study area constitutes only a small part of the whole Carpathian ecoregion, the observed land use changes and resulting pressures on biodiversity are similar to those projected for the Polish Carpathians in general [36] , and are therefore important for the functional continuity of the whole pan-European Carpathian corridor and neighbouring areas. For instance, Carpathian wolves were observed at a distance of 300 km from their origin location, demonstrating the importance of the study area for further dispersion [59] . Future spatial planning policies, on local, regional, national and pan-European levels should therefore take into account that the area of the Western Carpathians is important not only for the Polish or Slovak large carnivore populations but also populations at the continental scale [42] .
Conclusions
Our results showed that the future land use changes in the Polish Carpathians are likely to improve the habitat connectivity of large carnivores under a range of different scenarios with different socio-economic growth assumptions. This confirms the thesis that farmland abandonment can be considered as an opportunity for rewilding ecosystems [60] . As the general directions of potential future land use changes for the whole Polish Carpathians are in line with the results presented here [36] , we argue that proper land use planning and conservation policy are needed in order to transform this opportunity into conservation success.
